Abstract: This article deals with the influence of distributed generation (DG) on distribution line losses with respect to voltage profile. The article focuses on the development of a control strategy to minimize the grid losses and assure fairness regarding reactive power contributions. As retail customers typically have no choice where they are located along a feeder, it seems unfair that only some of them bear all the burden and responsibility for the voltage rise. On the basis of new technologies, which are capable of fast communication and data processing, a new control system has been proposed that combines classical centralized and local control. The heart of the control system is a load-flow algorithm, which estimates the voltage drop using a modeled network. Different control solutions were evaluated by means of computer simulations. The simulated network is an actual Slovenian medium-voltage distribution network which covers a large area with diverse feeders and thus gives relatively general results.
Introduction
High penetration levels of DG on an electrical distribution system present several challenges and opportunities for distribution utilities [1] . Their main concern is to maintain network voltage between tight limits, which is essential for correct operation of customer loads [2] .
OPEN CCESS
Classical control with On-Load Tap Changer (OLTC) is mostly based on only one substation voltage measurement point [3] . Such a scheme is robust and performs well under most operating conditions, but the majority of distribution networks are generally not designed for the connection of DG and they may fail if DG sources are connected in the network as they may cause a voltage rise on a particular feeder [2] . In order to introduce DG into the distribution grid, new control schemes have to be developed.
DG generation usually worked at a constant power factor (cos φ = 1) and did not provide any ancillary services to the network; the voltage control, as previously mentioned, was carried out only by OLTC. Nowadays, many countries such as Slovenia have set up rules for DG to use static characteristic Q(U) for the contribution with the local voltage control [4] . As shown in Figure 1 , these characteristics determine, on the basis of current connection voltage, a specified tg φ operating point. Tg φ is the ratio between generator's reactive and active power. The level of tg φ determines the amount of reactive power dispatched, compared to currently produced active power. This relation can be written as:
The product of tg φ and currently produced active power determines the amount of reactive power each generator has to provide. This kind of control allows the reduction of voltage by consuming reactive power and increasing the voltage by injecting it. The reactive power control with static characteristics should only be applied when a certain voltage level is reached, otherwise reactive power could result in unnecessary network losses.
Figure 1.
Example of static Q(U) characteristic for DG at full power, with up to 250 kW installed capacity, prescribed in Slovenia [4] . Similar characteristics are prescribed for the loads connected at LV or directly at MV network.
By using static characteristic, no communication link is required as the parameters are set during the installation of the DG. This approach has many disadvantages; although it is very effective in reducing the voltage rise, it does not enable fair contribution of reactive power. Dispatching reactive power imposes an additional burden on the DG inverters, which may lead to their reduced lifetime and an increased lifecycle cost [5] . If a customer lives far away from the substation, where voltage deviations are more frequent, the inverters will have to inject or consume more reactive power than for those located in areas where the voltage deviations are minor. Also their location may change depending on how the entire distribution system is configured. As retail customers typically have no choice where they are located along the feeder, it seems inappropriate that they be required to produce or consume a large amount of reactive power and hence, bear all the burden and responsibility for the voltage rise along the entire feeder.
In this article a coordinated approach to upgrade previously described controls is presented, which is based on a time-dependent power factor. By using time-dependent DG set-points new control possibilities become possible. The heart of the control system is a load flow algorithm, which estimates the voltage drop using a modeled network. The load-flow algorithm is, on the basis of measurements and load forecast prediction, continuously running and searching for an optimum operating point. A simplified model of the proposed algorithm has been used in [6] , wherein the authors have dealt with coordination of capacitor banks through the network to obtain an optimal switching scheme. Using voltage-profile estimation and load forecasting information, a load-flow iteration procedure has been implemented to search through all the possible change in voltage arrays to find the best solution for the next 24-h time horizon. A parallel between this kind of control and the tap changer switching mechanism can be drawn. In the article the above suggested idea has been upgraded by inclusion of local DG control and centralized OLTC control into one algorithm. The goal was to minimize the losses subject to a fair contribution of all DG with respect to voltage limits.
This article is organized as follows. The principle of a fair contribution of reactive power is presented in Section 2. Technical requirements, which are important for the proposed control mechanism, are presented in Section 3. Section 4 presents the control system principle. The simulated network is described in Section 5 and the simulation results are shown in Section 6. Finally, the conclusions are drawn in Section 7.
Fair Contribution of Reactive Power
To allocate the contribution of all DG reactive power more efficiently, solutions such as location-based static characteristics were investigated in [7] . This approach resulted in slightly better voltage profiles. The advantage of this approach is that no communication was required, apart from the one-time coordinated parameterization of the Q(U) functions of each DG. However, such a solution is appropriate only for network configurations where the parameters are fixed at the installation; they are no longer suitable when the network is reinforced or extended.
In [8] , the necessary reactive DG power set-point was sent to generators based on their effect on the voltage profile. A sensitivity factor was introduced, which describes how much voltage change is caused by a change in the injected or consumed power. This approach has a positive impact on the voltage profile and the dispatch of a more uniformly spread reactive power but it is in conflict with our aim to not penalize retail customers as they cannot change their electrical location along the feeder. However, this seems to be one possible solution to mitigate the voltage rise in the case of an emergency.
Uniform tg φ can be seen as a tax system with a constant marginal tax rate in the business world. There is also an option to introduce a progressive taxation system, where entities with the same economic power pay the same amount of taxes, while the subjects with greater economic power should pay higher taxes. Progressive tax rate increases the tax base, resulting in an increase in tax rate. Fair taxation would be spread widely and evenly among all taxpayers [9] .
Equations that represent the amount of required reactive power with a uniform and progressive "tax rate" can be written as:
( )
where x represents a progressive tax rate with exponential dependence. The progressive tax rate can be also carried out with different tax classes. In that case, a proportional variable can be added to (2), which discretely changes its size based on the active power size [9] .
As an option to ensure fairness, a uniform tg φ was used in further simulations presented in Section 6. To every feeder in the network, a uniform tg φ operating point was sent. Hence, the amount of reactive power is not based on their electrical location on the feeder, but only on their size. Their electrical location is limited only on one feeder as a whole unit.
Technical Requirements
At regular time intervals the operating point of DG is changed by the transmitted signal. Because the desired operating point is calculated based upon present values, an effective operation requires an accurate evaluation of the situation in the network, which could be difficult in some cases. However, R&D projects all around the world show that the technologies are mature [10] [11] [12] and the premise of a time-dependent power factor and bidirectional dataflow is justified. For the success of the proposed coordinated control, most of the MV/LV transformer substations need to be covered with real-time measurements to obtain the information of the consumption and then calculate the load-flow. In areas where there are no measurements, typical daily load patterns can be presumed and normalized to the size of the complex.
As the data bandwidth requirements for DG control is relatively low; response times are in the range of seconds [13, 14] , the DG's have to be able to produce or consume the needed reactive power. In [1] , overrating of inverters by 10% is considered, which seems reasonable because inverters are available in discrete sizes and they are likely to be oversized. With respect to 10% overrating, available reactive power always reaches at least 46% of P MAX [15] .
Modeling of the Loads and Generators
For the algorithm to work successfully, modeling of the loads has to be carefully considered. Different characteristics of loads connected to distribution feeders affect power losses significantly.
Loads in the simulated network described in Section 5 were modeled with a polynomial model [16] :
For an accurate evaluation of losses, connected loads on every feeder have to be assessed. Load modeling has been widely discussed in the literature. A detailed analysis can be found in [16] . Figure 2 shows how the amount of losses strongly depends on the coefficients α and β when using an exponential load model:
Additionally, panel no. 1 in Figure 2 represents the losses with OLTC feeding voltage, which is lower compared to panel no. 2. It can be seen that in the case when the loads have constant impedance character, the losses are smaller at smaller voltages (lower tap position) and when the loads have the character of constant power, the losses are smaller at higher voltages (higher tap position). 
Generation Forecast
Forecast information is necessary for the management of electricity grids and also for solar energy trading [17] . For load consumption and generation from classical centralized power plants, forecasting has high accuracy and has been discussed in the literature very often. Electrical loads for HV/MV distribution substations can be predicted with about 1.5% accuracy for a 24-h forecast [18] and up to 5% for MV/LV substations [19, 20] . Larger fluctuations in the forecast of electricity production are present in small renewable energy sources, particularly in wind or photovoltaic power. An accurate forecast allows stable operation of the system without excessive energy reserves. Consequently, research on medium and long-term forecast methods has gained great importance both in academia and industry [21] . There are several such methods described in the literature based on artificial neural networks, fuzzy models, support vector regression etc. A good overview on the subject is provided in [18, 21] . Typical wind power plants have an error up to 15% rated power for 36 hour horizont. An accurate prediction of the future state of the network plays an important role in the efficient management of the proposed algorithm when optimizing OLTC set-point and minimizing its operations. An accurate prediction of generation for about 10 h would be ideal for its optimal performance. In such cases, a range of errors around 10% or less is to be expected [22, 23] . In addition, during evening and night h (6 PM-9 AM), the forecast can be even more accurate due to minimal solar radiation and thus, a small PV production.
Limits and Objectives to Be Minimized
The development of a good voltage control system must take into account several parameters. The OLTC's tap position has to be controlled; DG reactive power and in some cases even active power has to be controlled; OLTC can be connected to many diverse feeders whose power consumption or production can differ widely; also network reconfiguration can cause significant differences in the network. Every time an optimal operation has to be ensured.
The main condition, which must be assured regardless of any other, states that the voltage at any point of the network shall not exceed statutory defined limits:
Taking into account that the voltage drop on a MV/LV transformer feeding loads and LV feeder can reach 5% and that the voltage control step is 1.33%, the MV voltage limits were set to +5/−5%. The voltage control technique therefore kept the MV within these limits, and consequently that should enable the maintenance of LV within the defined range.
Using coordinated control algorithms, the following conditions can be minimized:
On assuming a fair distribution of reactive power from DG, these conditions can be guaranteed. Figure 3 represents an active distribution network. The current information of consumption is broadcasted to the central control system and the calculated commands are then sent back to the grid. Current power (P and Q) quantities are used as an input of load flow algorithm, which calculates the optimal tg φ. Two main criteria (9) and (10) are taken into account. Subject to (9), tg φ is set to a specified value where the losses are minimal and subject to (10), tg φ should be assigned a minimum value as it presents ancillary services cost. However, searching for the best tg φ is subject to the voltage condition (8) . Taking into account the statutory defined voltage conditions, different set-points for tg φ are given. Figure 4 shows an example of the desired tg φ of one feeder per day. The black line indicates the desired set-point of minimal losses. Because of the voltage limits in some cases during the day, tg φ has to withdraw this trajectory (blue line). Similarly, the green line represents tg φ when reactive power generation from DG is minimal with respect to voltage limits as tg φ = 0 could lie outside the feasible region.
Control System Design
Possessing different set-points arises the question which one is more appropriate to take. Besides line loss minimization, equipment operation (Q generation), which contributes to the aging of inverters, has to be financially evaluated. In other words, the ancillary services should also be payable. Regarding the financial aspect, an operating point of minimum cost can be chosen. This principle can be observed in Figure 5 . By doing this, both the network utility and DG owners gain financial benefit. Taken for granted minimal allowable power factor, the chosen value is then sent to the generators. The flow chart of the algorithm is presented in Figure 6 . Using power measurements from MV/LV substations and network topology (modeled network), a power-flow algorithm can be run to search for tg φ where the losses are minimal. The minimal and maximal possible tg φ were set to ±3 to better illustrate the results but depending on the expected minimum this interval can be changed and power-flow operations reduced. Additionally, the search accuracy (0.01 steps) can be changed. Once the optimal tg φ for each feeder is chosen, the power-flow is then run once again to check if the voltages are still within the limits. If not, corrections have to be made and the tg φ changed.
The algorithm does not only search for an optimal operating point of DG but also for an optimal OLTC set-point. Figure 7 shows an example of a one-day voltage profile of one feeder with a relatively high penetration of photovoltaic generators. As the algorithm calculated that the losses are at a minimal when the voltages are right above the permitted limit, which is usually true when the loads in the network express a constant impedance characteristic, the OLTC set-point was turned down as soon as possible. It can be clearly seen that in the search for minimal losses, the stress in tap-changing has increased greatly. Such a high number is not acceptable. Hence, the load forecast is implemented into the load-flow simulation program. The algorithm can determine when the next tap change operation will occur and if it is economically justified. On the basis of load forecast, simulations are carried out in the presence and absence of switching. It must be noted that setting the optimal tg φ has a priority over the OLTC forecasting algorithm. This means that if the voltage profile is unsuitable due to inaccurate load forecasts under which OLTC was maintaining the tap position at the same state, OLTC will operate before tg φ can be correlated, although this is not a desired effect. This phenomenon occurs due to energy savings. The simulation results in Section 6 show that most of the savings fall on setting an optimal tg φ.
Simulated Network Description
To illustrate some practical implications of the proposed voltage-control algorithm, the operation is demonstrated on a real 20 kV medium-voltage Slovenian distribution network model. It covers a large area with 483 loads and diverse feeders and thus gives relatively general results. The network was modified by increasing the number of DG (especially photovoltaic and cogeneration power plants) as their growth in Slovenia is very fast.
The single-line diagram of the analyzed network is shown in Figure 8 . The network was modeled in the DIgSILENT Power Factory simulation program and the voltage control algorithm in Matpower 4.1 [24] . The control maintains the voltages between the limits of 0.95 and 1.05 p.u.
The 20 kV network is connected to the HV level at 110 kV through a 120 MVA transformer equipped with OLTC (control ±12%, step 1.33%). Loads and generators were modeled as R-X impedances at 20 kV voltage level that are also voltage dependent (in the voltage range 80%-120% of the nominal value) and were modeled as composite loads consisting, in the first case, of 100% constant power and in the second case 60% constant impedance and 40% constant power. Based on the loading measurement data (10-minute intervals), few typical daily load patterns were developed (residential, commercial and industrial loads). One of the patterns is shown in Figure 9 . For loads, a power factor cos φ ≈ 0.95 was presumed.
New operating points were calculated every minute of the simulation and sent to the generators. The maximal peak consumption is ca. 70 MW (at 19:15) and maximal peak generation from DG is ca. 100 MW (at 12:00). Depending on the size of each settlement with an MV/LV substation, represented as one load, an adequate size of the generation was determined. The maximum active power output of 167 generators was less than 0. 
Control System Performance Evaluation
Simulation results for one day are presented in this section and compared between different controls. The simulations were carried out based on uniform tg φ. Moreover, the impact of errors in modeling of loads described in Section 3 was also taken under consideration.
Static Methods
Simulations of this type were carried out in a way that reactive power control and OLTC set-point control acted independently from each other. There is no need for communication; only local measurements are used for each type of control. Figure 10 (a) represents a voltage profile before the introduction of DG into the network. It is seen that 3-4 tap operations per day are needed to obtain a voltage profile within the prescribed limits. The line network losses are around 3%. The DG was introduced to the network later. Figure 10(c) shows the results using the static Q(U) characteristic. It is clearly seen that the second case is far more effective in reducing the voltage rise caused by injected DG active power, which means that the network can accept more DG. However, this action is performed even when the reduction of voltage rise is not necessary, thus contributing to higher network losses. Furthermore, the generators at the beginning of the feeder are low burdened with reactive power compared to generators at the end of the feeder, which are producing or consuming the majority of the reactive power as observed from Figure 11 . Figure 12 additionally shows that the effect of the Sun during the day causes the reversal of the active power flow through the OLTC transformer. Power flow through the OLTC transformer. It can be seen that during peak h of sunlight, the power flow is reversed.
Coordinated Control
Firstly, simulations were carried out using only a time-dependent power factor. Figure 13(a) represents the voltage profile for a tg φ set-point with minimal losses. The operation of the whole algorithm is shown in Figure 13(b) , which represents the voltage profile for a tg φ with minimal losses and an optimal OLTC set-point. The OLTC tap operations were unlimited and thus, with respect to a fair reactive power dispatch, minimal losses in the network were achieved.
Results Evaluation
In this Section, the proposed algorithm is validated by comparing the losses and tap-changer operations. The results obtained by using the loads with constant power voltage dependency are summarized in Table 1 . Annual monetary savings are compared to static Q(U) control. The price for electrical energy was assumed to be 50 €/MWh. Figure 13 . One-day voltage profile of MV/LV substations measured at the critical areas around the distribution system using a time-dependent tg φ. (a) Voltage profile for tg φ set-point with minimal losses; (b) voltage profile of the whole algorithm for tg φ with minimal losses and optimal OLTC set-point; (c) during the evening the tap-changer did not change its position and thus operations were reduced for two.
The results from Table 1 indicate that the introduction of DG can reduce the network losses by about 32% compared to operation with a constant power factor. This is due to the shorter transmission paths to the customers.
When using the Q(U) characteristic, the tap-changer operations were reduced compared to the cos φ = 1 operation. Within the zone prescribed in [4] , the losses can differ, but in general they display an increasing trend. It must be noted that the DG at the end of the feeder has a significantly higher contribution to the system parameters control.
In the case of the time-dependent power factor, the losses can be reduced by about 6.5% compared to the static Q(U) characteristic. The simulations also show that a majority of the savings can be obtained by local control by adjusting to the desired DG set-point. Up to 40% of the savings fall to OLTC set-point. By identifying an optimal tg φ, losses can be reduced by 6.5%. A further 2.6% reduction in losses could be obtained by setting the tap-changer to an optimal set-point. On the other hand, on optimizing the algorithm to obtain a minimal tg φ, 1.8% of savings can be achieved and an additional 2.8% of savings can be achieved by setting the tap-changer to an optimal set-point. Figure 14 presents how the feeder losses change as a function of uniform tg φ. There is always one operation point where the losses are minimal. Simulation results have showed that savings obtained by setting an optimal tg φ can achieve up to 90% of all the savings when using different load characteristics such as constant current or impedance. This implies that the characteristics of loads in the network have to be examined carefully. Figure 15 displays optimal tg φ for one feeder for different types of loads. The red line and blue line represent the optimal tg φ with loads composed of 50% of constant power and 50% of constant impedance and 40% of constant power and 60% of constant impedance, respectively. It is observed that in both the cases during strong solar radiation situations, the differences between the calculated tg φ are small. Towards the evening, the required tg φ increases greatly. This results from still high-energy consumption and minimal generation from photovoltaic plants, which represent the largest share of DG in the network. Therefore, the differences between the desired tg φ are slightly greater. The greater the share of DG, the less significant the load characteristic is. In summary, the presented coordinated control has several advantages. Investments in equipment maintenance and cost of the network operation can be minimized and a fair reactive power dispatch can be achieved.
DG Penetration Limits
To achieve fairness regarding reactive power contributions, the amount of reactive power is not based on their electrical location on the feeder, but only on their size, which is one of the premises of this article. Their electrical location is limited only to one feeder as a whole unit. Although generators at the end have a higher effect on the voltage profile, they are also more burdened. To illustrate this, the voltage rise of one of the feeders is presented in Figure 16 (a) and the optimal tg φ for this feeder is shown in Figure 16(b) . To mitigate this voltage rise during the peak h, the generators have to change their trajectory and consume reactive power. The green line in Figure 16 (b) represents the tg φ when all the generators contributed the same amount of reactive power and the blue line indicates instances when only a few of them at the end of the feeder were chosen to contribute reactive power. It can be seen that in the latter case, the generators have to operate with a tg φ < −1.7, which is a very strict requirement. During the peak h when their active power is at a maximum, they usually have a low level of reactive power on reserve. (a) One-day voltage profile of MV/LV substations measured at the critical areas around the distribution system; (b) optimal tg φ for four different feeders. As the penetration of DG around the twelfth hour is very high, tg φ has to withdraw its optimal daily trajectory.
Conclusions
This article deals with the problem of line loss minimization in distribution networks with a high proportion of DG. As their share in the networks is increasing rapidly, "smart" and cost effective control solutions have to be developed to avoid costly network reinforcement due to voltage rises.
In this article a coordinated voltage-control algorithm has been presented for use in distribution networks with high distributed generation penetration. It is based on progress in recent technologies, which enable two-way communications and high processor power. The main purpose of this research was a desire to minimize line losses with respect to a fair contribution of reactive power of all the DG in the same feeder. As retail customers typically have no choice where they are located along the feeder, it seems unfair that they are required to produce or consume a large amount of reactive power and thus, bear all the burden and responsibility for the voltage rise along the entire feeder. This means that their contribution in ancillary services is not based by their electrical location on one feeder but is limited only on one feeder as a whole unit.
Local and centralized OLTC controls have been combined into one coordinated control whose parameters are calculated by a central computer system. The solution has been tested by means of computer simulations on a real medium-voltage Slovenian distribution network.
